The formation of a Bose-Einstein condensate of a dilute atomic gas has been studied in situ with a non-destructive, time-resolved imaging technique. Sodium atoms were evaporatively cooled close to the onset of Bose-Einstein condensation and then suddenly quenched below the transition temperature. The subsequent equilibration and condensate formation showed evidence for the process of bosonic stimulation, or coherent matter-wave ampli cation, crucial to the concept of an atom laser.
At low temperature many properties of systems are determined by the quantum statistics of their constituents. For one type of particles, known as bosons, transition rates into a given quantum state are enhanced by the presence of other identical bosons in that state. Explicitly, if N bosons occupy a given state the transition rates into that state are proportional to (N + 1). This e ect, known as Bose stimulation, is most familiar as the gain mechanism in an optical laser, where the presence of photons in the lasing mode stimulates the emission of more photons into it. Similarly, in the case of bosonic atoms, Bose stimulation can lead to matter-wave ampli cation and constitutes the gain mechanism of an atom laser, a device which creates a coherent beam of atoms using a stimulated process. The Bose-Einstein distribution function can be derived from Bose stimulation and detailed balance. In particular a Bose-Einstein condensate is only stable because of the enhanced elastic scattering into the condensate. Bose-Einstein condensation (BEC) was recently observed in dilute atomic gases 1{3] and was used to realize an atom laser. Our rst demonstration of an atom laser 4, 5] focused on the direct proof that atoms coupled out from a condensate were coherent. In this work, we consider the gain process by studying the formation of the condensate.
The theoretical description of BEC in weakly interacting dilute gases has a long history and has accounted for most of the experimental results 6, 7] . In contrast, a full description of the dynamics of condensate formation has not yet been developed. Predictions for the time scale of condensation varied between in nite 8] and extremely short 9]. The early prediction for in nite time was based on a Boltzmann equation; in this framework the condensate fraction cannot grow from zero 8,10,11]. Thus, a separate process of nucleation had to be introduced with Boltzmann equations only describing the dynamics before 12,13] and after 14{16] the nucleation. Stoof suggested that a condensate is nucleated in a very short coherent stage 9,11,17] and then grows according to a kinetic equation. Kagan and collaborators discussed the formation of a quasi-condensate which in contrast to a condensate has phase uctuations; they die out in a time scale which increases with the size of the system 18{21]. In the thermodynamic limit, it would take in nite time to establish o -diagonal long range order. Recently, a fully quantum mechanical kinetic theory for a Bose gas has been formulated and was used to model the formation process of the condensate 22].
The experimental realization of BEC certainly proved that condensates form within a nite time. Likewise the observation of high contrast interference between two condensates demonstrated that condensates develop long range coherence in a nite time 4]. However, a determination of the intrinsic timescales was not possible because the cooling was su ciently slow so that the system stayed close to thermal equilibrium. Thus the buildup of the condensate followed the externally controlled temperature and did not reveal the more rapid intrinsic dynamics of condensate formation. In the work presented here, we have cooled the system to a temperature slightly above the phase transition, and then suddenly created a non-equilibrium con guration of lower energy in order to observe the intrinsic relaxation towards a new condensed equilibrium.
The experimental setup for cooling to the onset of BEC was similar to our previous work. Sodium atoms were optically cooled and trapped, and transferred into a cloverleaf magnetic trap 23] . Further cooling by rf evaporation 24] was conducted with a trapping potential determined by the axial curvature of the magnetic eld of B 00 = 125 G cm ?2 , the radial gradient of up to B 0 = 150 G cm ?1 and the bias eld of typically B 0 = 1:5 G. Most of this study was performed with a weaker trap, where the magnetically trapped cloud was adiabatically expanded after evaporative cooling by reducing B 0 to 80 G cm ?1 . In the strong (weak) trap the transition was reached after 26 seconds of evaporation at 1.5 K (1 K) with 2 10 7 (9 10 7 ) sodium atoms in the F = 1, m F = ?1 ground state. The atom clouds were cigar-shaped, with the long axis horizontal.
The temperature of the cloud was controlled by the nal frequency of the rf sweep during evaporative cooling, and was brought to slightly above the phase transition transition. A non-equilibrium situation was then created by concluding the evaporation with a fast sweep of the rf frequency, ramping down by 200 kHz in 10 ms. This caused a sudden truncation of the wings of the spatial distribution where atoms were resonantly spin ipped to a non-trapped state. The nal frequency of the sweep depended critically on drifts in the magnetic bias eld B 0 on the order of 10 mG. Rapid`quenching' of the cloud into the BEC regime was essential to clearly observe the onset of condensate formation. After the rf sweep, the intrinsic dynamics of condensate growth was observed without any further cooling in a completely isolated system.
The condensate was directly observed by non-destructive phase-contrast imaging 25{27] using a vertical probe laser beam at a detuning of 1:7 GHz. A series of 18 images was taken by operating a CCD camera in kinetics mode 27], allowing for a time resolved measurement of the formation of single condensates as shown in Fig. 1 . The probe laser power was chosen low enough that heating during the detection process was negligible (see also Fig. 4C ). The initial and nal equilibrium conditions were characterized by taking the rst images before the sweep, and the last three images 300-400 ms after. The ability to obtain realtime`movies' of the formation was used to overcome shot-to-shot uctuations in initial conditions. The numbers of condensate and thermal atoms as well as the temperatures were extracted from one and two-dimensional ts to the density distributions, similar to the ones shown in Fig. 2 . A bimodal function was t to the density distribution with a Bose-Einstein distribution for the thermal fraction and an inverted parabola for the condensate density n 0 (r) = n 0 (0) ? V (r)=Ũ. The latter is the solution of the nonlinear Schroedinger equation in the Thomas-Fermi approximation 28]. Here, V (r) denotes the trapping potential,Ũ = 4 h 2 a=m describes the interaction between the atoms of mass m, and a = 2:75 nm is the scattering length. The absolute number of condensate atoms was determined from the axial length of the condensate assuming the Thomas-Fermi approximation. This provided an accurate calibration for the phase contrast signal. Condensates smaller than 10 5 atoms could not be discerned against the background of the thermal cloud. (Fig. 3B) with the same equilibrium condensate number. Temporal uctuations of about 20 ms were eliminated by shifting the curves before averaging. The uctuations in condensate number are probably due to shot-to-shot variations in loading conditions ( 20%), and to variations in the truncation caused by drifts of the magnetic eld B 0 . Also, due to these uctuations, there was sometimes a small condensate already produced before the rapid rf sweep. The nal condensate fraction varied between 5 and 30%. When no condensate was present right after the rf sweep, the growth started slowly and sped up after 50 to 100 ms. In contrast, if there was already a substantial condensate fraction at the beginning of the rf sweep, the rapid growth of the condensate commenced immediately (Fig. 3B) . These di erent behaviors are in agreement with a model described below, which is based on bosonic stimulation.
Since the formation of the condensate is expected to be a Bose-stimulated process, the number of condensate atoms N 0 should grow initially as _ N 0 = N 0 , where represents the initial growth rate. Eventually, when the cloud reaches equilibrium (N 0;eq condensate atoms), the growth rate becomes zero. This can be parametrized by assuming
The exponent was set to 2=5, consistent with an approximate microscopic theory 22] (see below), where the rate of growth is linear in the di erence of the chemical potentials of the condensate (which is / N 2=5 0 ) and of the surrounding thermal cloud. All condensate growth curves in Fig. 3 and Fig. 4 were t with the solution of Eq. 
The only free parameters were and the initial number of condensate atoms N 0;i at t = 0, i.e., right after the rf sweep. Treating as a free parameter did not improve the quality of the ts. As can be seen from Figs. 3 and 4, Eq. (2) describes the observed growth curves very well. It should be pointed out that Eq. (1) is quite di erent from the di erential equation for a pure relaxation process, which is described by _ N 0 =~ (N 0;eq ? N 0 ) : (3) The solution of Eq. (3) is an exponential approach to equilibrium N(t) = N 0;eq (1 ? exp(~ t)) and is shown by the dashed line in Fig. 3A , which starts right after the rf sweep; it describes the data very poorly. For the dotted line, we added an induction time as an additional free parameter. With a value of 40 ms, it describes the data fairly well after a small condensate has formed and shows that the main e ect of bosonic stimulation is an induction time before the onset of rapid growth. In Eq. (2) this induction time corresponds to the time of pure exponential growth, i.e., bosonic stimulation, which is short and prominent only for small N 0 due to the small value of = 2=5.
The early stage of the condensate formation was studied by taking pictures every 5 ms (Fig. 4) . The thermal density showed no major deviation from a Bose-Einstein distribution; the e ective temperature quickly relaxed toward half the initial value (Fig. 4C) , accompanied by weak, strongly damped quadrupole-type oscillations at a frequency of about two times the axial trap frequency. The total number of thermal atoms reached a quasi-stationary value about 5 ms after the end of the rf sweep, and was fairly constant during the formation of the (small) condensate. This quick`equilibration' is in accord with time scales set by the magnetic trap, i.e. a quarter cycle in the harmonic potential which was 3 ms radially and 14 ms axially, and by the elastic scattering rate el = n v 500 s ?1 ; here denotes the elastic collision cross section = 8 a 2 , v the thermal velocity v = 4(k B T= m) 1=2 and n the atom density. Therefore the condensate growth, which happens on a timescale of 100 ms, should only be weakly perturbed by transients from the initial truncation process. Furthermore, Fig 3B is evidence that the transients did not suppress the initial condensate growth: the condensate started growing without a notable induction time in those cases where a considerable condensate fraction was already present. These results suggest that condensation occured in two steps: a fast relaxation which produced an oversaturated`thermal' cloud, followed by a slower growth of the condensate within the thermal cloud.
A detailed discussion of the second phase of formation has recently been formulated by Gardiner and collaborators 22] for the inhomogenous Bose gas. They assume that the condensate is in contact with a thermal cloud at a constant temperature below the transition point. Using a master equation based on quantum kinetic theory 22], they derived a growth equation for the condensate (valid for large N 0 as in our experiment)
The rst term in the curly brackets is the stimulated scattering term, which is non-vanishing as long as the chemical potential of the thermal bath is di erent from the chemical potential 
where ! denotes the geometric mean of the trapping frequencies.
Our results for the rate parameter are larger than this theoretical prediction by a factor which ranged between 4 and 30. Furthermore, Eq.(5) predicts an increase of the rate with both temperature T and the number of condensate atoms in equilibrium N 0;eq . The observed trend is in the opposite direction (Fig. 5) , i.e. decreases when N 0;eq and T simultaneously increase. This trend is independent of the value assumed for between 0.2 and 5 29] . A tentative explanation is saturation of the stimulated growth rate of the condensate. This rate should ultimately be limited by the rate of elastic collisions within the volume of the condensate; strong stimulation would create some local depletion of the thermal cloud, which is not included in the theory. In order to obtain a full quantitative understanding of the condensate formation, more detailed studies are necessary experimentally and especially theoretically. On the experimental side, an improved signal to noise ratio could reveal more clearly the details of the initial phase of the condensate formation, dominated by a pure exponential growth which would provide a direct proof of Bose stimulation. Ultimately the nucleation process and uctuations in the onset of condensate formation 11,19,21] might be observed. Also, a further characterization of the non-equilibrium situation would be helpful. Theory could include a realistic model of the spatial truncation process, but it seems that a more re ned approach is necessary to resolve the discrepancies with our observations.
In conclusion, we have studied the formation of a Bose-Einstein condensate and observed a slow onset of a growth distinctly di erent from simple relaxation, providing evidence for bosonic stimulation in the formation process of the condensate.
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